Pyramidal neurons from layers II/III of somatosensory and motor cortex express multiple Kv1 -subunits and a current sensitive to block bydendrotoxin ( -DTX: Guan et al. 2006). We examined functional roles of native Kv1 channels in these cells using current-clamp recordings in brain slices and 
INTRODUCTION
sensitive current with slow inactivation kinetics. A more rapidly inactivating component was variably expressed, reflecting heterogeneity of Kv1 subunit composition (Guan et al. 2006) . Deactivation kinetics were voltage-dependent, such that deactivation was slow ( of 22-46 ms between -50 and -30 mV) at potentials similar to those traversed by inter-spike-intervals during repetitive firing.
Because of its kinetics and voltage-dependence, we predicted that the -DTX-sensitive current would have minimal effects on resting membrane potential, input resistance, or AP amplitude or time course. In addition, the -DTX-sensitive current is an important regulator of AP threshold and interspike-intervals (ISIs) during repetitive firing in layer V pyramidal cells (Bekkers and Delaney, 2001 ). We examined whether this was also the case for layer II/III cells. Further, to test how Kv1 channels influence firing rate, we used realistic action potential waveforms (APWs) to determine the percentage of outward current due to Kv1 channels at various times during APs and ISIs. We also predicted that the -DTX-sensitive current in pyramidal cells would have a similar role to Kv1 channels in auditory brainstem cells, where the main role of -DTX-sensitive current is to make these cells responsive to time varying inputs while filtering out DC inputs; i.e., these cells differentiate their synaptic inputs (Slee et al. 2005; Brew and Forsythe, 1995; Kopp-Scheinpflug et al. 2003 ).
In the current study, we tested these hypotheses by examining the effects of -DTX on the excitability of neocortical pyramidal cells in both acutely dissociated and acute slice preparations. We found that these channels activated in the subthreshold voltage range and contributed to rheobase (minimum current to elicit an AP with >500 ms current injection) and the voltage threshold for action potentials. They also contributed a major portion of outward current during inter-spike-intervals and regulated firing rate in current-clamp. The -DTX-sensitive current had modest effects on the Page 4 of 42 (noiseless) f-I relation, f0 (I) , that was shifted vertically by an additive factor A along the firing rate axis and multiplied by a gain factor 1 + G:
fnoise(I) = A + (1 + G) f0(I)
The effects of -DTX on the f-I relation (with or without noise) were separated into a shift along the current axis and a multiplicative effect by fitting the f-I relation obtained in the presence of -DTX with a copy of the control f-I relation, fcontrol (I) , that was shifted along the current axis by I and multiplied by a gain factor 1 + G: fDTX(I) = (1 + G) fcontrol (I -I) Acute Dissociations. Neurons were isolated according to previously published methods (Lorenzon and Foehring 1995) . The primary somatosensory and primary motor cortices were dissected from the slices and then transferred to a mesh surface in a chamber containing aCSF at 32 o C for one hour. We used the same aCSF described earlier for brain slices. Slices were then transferred to a holding chamber at RT (aCSF: 1-12 hours) until dissociated.
Individual sections from combined primary motor and primary somatosensory cortices were dissected from brain slices under a stereomicroscope using backlighting. The cortex was cut to restrict further treatment to the supragranular layers (I-III). Two-to-three cortex pieces at a time were transferred to oxygenated aCSF (35 o C) with added enzyme (Sigma Protease type XIV, 1.2 mg/ml: Sigma Chemicals, St. Louis, MO). After fifteen to thirty minutes of incubation in enzyme, the tissue was washed with sodium isethionate solution, which consisted of (in mM): 140 Na Isethionate, 2 KCl, 4
MgCl2, 23 glucose, and15 N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid] (HEPES), pH = 7.3 (adjusted with 1N NaOH).
This solution was triturated using three successively smaller fire-polished pipettes to release individual neuronal somata. Supernatant from each trituration step (containing dissociated neurons) was transferred to a fresh container, plated onto a plastic Petri dish (Nunc, Rochester, NY) on an inverted microscope stage, and allowed to settle for approximately five minutes. A background flow of ~1 ml/minute of HEPES-buffered saline solution (HBSS) was then established. HBSS consisted of (in mM): 138 NaCl, 3 KCl, 1 MgCl2, 1.6 CaCl2, 10 HEPES, 10-20 dextrose, pH = 7.3 (adjusted with 1 N NaOH), and osmolarity = 300-305 mOsm/L. The external recording solution was HBSS, plus tetrodotoxin (TTX: 1 µM) and CdCl2 (400 µM) to block Na + and Ca 2+ channels, respectively. -DTX was used at 100 nM.
Corning 7052 capillary glass (Garner Glass: Claremont, CA) was used to create electrodes (1.4-2.2 M resistance in bath) on a Sutter Instruments (Novato, CA) Model P-87 Flaming/Brown micropipette puller. Electrodes were then fire-polished and filled with internal solution. The internal solution consisted of (in mM): 120 KMeSO4, 15 KOH, 2 MgCl2, 7.5 NaCl, 30 HEPES, 4 adenosine trophosphate (ATP), 0.2 guanosine 5'-triphosphate (GTP), 0.1 leupeptin, and 10 2-bis (2-aminophenoxy)ethane-N, N, N', N'-tetraacetic acid (BAPTA).
A multibarrel array of glass capillaries (~500 µm outer diameter) in "sewer pipe" configuration was used to apply solutions. Six-to-ten capillaries were glued side by side and attached to a micromanipulator. Solutions were changed by moving the active barrel so the flow surrounds the cell being recorded from. Care was taken to regulate flow through the array to prevent flow artifacts.
Recordings were made with a DAGAN 8900 (Minneapolis, MN) amplifier at room temperature (21-23 o C). 70-90% series resistance compensation was typically achieved. Cells with calculated series resistance errors of W 5 mV were discarded [(V=I*R): series resistance error (V) = uncompensated series resistance (R) multiplied by peak current (I)]. Data were acquired using PClamp 8. Reported membrane potentials were corrected off line for the liquid junctional potential (~8 mV). Data acquisition and analysis were done using pCLAMP and AXOGRAPH software (Axon Instruments). Linear leak current and the capacitative artifact were digitally subtracted before analysis, using a P/4 or P/7 protocol.
Statistics
Prism (GraphPad, Software, Inc., San Diego, CA) software was used to perform statistical tests of significance. The non-parametric Mann-Whitney U test (paired groups) was utilized to compare sample population data throughout, and summary data are presented as mean + standard deviation 
RESULTS

Slice recordings.
To test whether the -DTX-sensitive current regulates excitability in intact layer II/III pyramidal neurons at physiological temperatures (32-35 o C), we used IR-DIC optics to visually identify pyramidal neurons from layers II/III of somatosensory cortex. An -DTX-sensitive current was present in 4/4 cells tested (~14% block) in response to a test step to +30 mV from a -70 mV holding potential in voltage clamp (data not shown). We do not have spatial voltage control of these dendritic neurons, so we did not attempt to study detailed biophysics in this preparation. The biophysical properties of -DTX-sensitive currents obtained in our previous study using acutely dissociated neurons (Guan et al. 2006) were very similar to those obtained using nucleated patches from acute slices (Bekkers and Delaney, 2001) . We recorded from pyramidal cells in whole cell current-clamp mode and examined the effects of -DTX on membrane potential, input resistance, the AP, and repetitive firing.
We examined membrane properties with whole cell recordings in current clamp in 29 cells. We found no changes in resting membrane potential or input resistance after -DTX (Figure 1; Tables 1,2) . Similarly, there were no significant differences in AP amplitude or width at half amplitude (half-width: Figure 3C ). AP width at threshold was significantly broader in -DTX (Table 1 ). There was a small but significant reduction in AP voltage threshold, defined as the voltage at which a sharp increase was observed in dV/dt ( Figure   1 ; Table 1 ). The effects of -DTX were incompletely reversible over the time course of our experiments. We found no significant changes in AP parameters or repetitive firing in 5 cells where the protocols were repeated without the application of -DTX (data not shown). We replicated the effect on voltage threshold (-44 + 7 mV control vs. -46 + 5 mV in -DTX) and threshold width (5.9 + 1.9 ms control vs. 6.5 + 1.5 ms in -DTX) in current-clamp recordings from acutely dissociated cells at RT (n = 3; Figure 1D ). In all three cells, the voltage remained depolarized after the AP in -DTX.
We next tested whether -DTX altered repetitive firing in response to 3s current steps of various amplitudes (slice: Figure 2 ). All cells tested fired in a regular spiking pattern (McCormick et al. 1985) . In -DTX, there was a significant reduction in rheobase, the minimum current required to elicit an action potential (>500 ms current step; Figure 1G , Table 2 ). The latency to the spike at rheobase was also significantly shorter in -DTX (54 + 17 ms) vs.
control (71 + 21 ms; p< 0.03). In all three dissociated cells tested, the latency to first spike was also reduced in -DTX (17 + 11 ms control vs. 10 + 7 ms -DTX). Application of -DTX increased AP frequency at all current intensities (Figure 2A,B ; Table 2 ). The rate increase was greater for large current injections, resulting in an increase in the f-I slope (increased gain: Figure 2B ; Table 2 ). Since spike frequency adaptation (SFA) is greater at higher firing rates, we compared SFA with firing rates matched in control and -DTX. We found that spike frequency adaptation (SFA) was unaltered by -DTX when the number of APs was matched for control and -DTX (Figures 2D,E) .
In control solution, spike threshold increased during a train of repetitive spikes, eventually reaching steady-state within ~10 spikes (Figure 3A,B) . In -DTX, the initial voltage thresholds were significantly more negative but the change in threshold during the spike train was similar to that in control solutions ( Figure 3A,B) . These data suggest that the influence of -DTXsensitive current on threshold remains similar over time during firing and that other mechanisms are responsible for the increase in threshold during a train of APs.
Action potential waveforms. How do Kv1 channels regulate AP threshold, rheobase and ISIs? To answer these questions, we used voltage clamp experiments in pyramidal cells dissociated from supragranular layers of the combined primary motor and somatosensory cortices (see Methods). To complement our previous data obtained using voltage steps, we used more realistic voltage waveforms to test for conditions where Kv1 channels contribute to outward currents. We tested activation of the -DTX-sensitive current in acutely dissociated pyramidal neurons at RT using a slow voltage ramp (from -70 mV to -35 mV: 0.2 mV/ms), which ended in a mock action potential waveform (APW: not shown in Figure) . The ramp was similar in slope to the trajectory to the first AP during a long current step at rheobase ( Figure   4 ). During the slow ramp, an outward current became apparent at voltages positive to -55 + 7.9 mV (n = 10). This current increased in amplitude up to the "threshold" voltage for the APW (-35 mV). Negative to -45 mV, current amplitude was small but was dominated by -DTX-sensitive current. At -35 mV, the -DTX-sensitive current amplitude was ~15 pA (median; n = 8), 48 + 30% of the whole current. 
5A,D).
In an additional 9 cells, we combined voltage ramps to mimic an action potential at RT (Fig. 5B,E) . Similar data were obtained with the two protocols.
A large outward current was activated by the APW and peak current was slightly reduced by -DTX (Figure 5A ,B; Table 3 ). The peak of the -DTXsensitive current (101 +106 pA) occurred later than the remaining current in all cells tested: during the falling phase of the spike ( Figure 5C ; Table 3 , p < 0.06: not significant). At the time for peak whole current, the -DTX-sensitive current was responsible for ~ 10% of the current ( Figure 5F ).
To illustrate the fraction of the whole current contributed by the -DTXsensitive current, we calculated the percentage, plotted it as a function of time, and superimposed the results to the APW used to elicit the current. This analysis revealed that the -DTX-sensitive current becomes important late in repolarization and especially after the spike ( Fig. 5D,E ; Table 1 ). These findings predict that -DTX-sensitive current would not play a large role in AP repolarization but might regulate the inter-spike-interval (ISI) if a second spike occurred within a few ms after the first one.
We next used a voltage protocol with an initial shallow ramp followed by two APWs with 10 ms in between (total ISI =13.6 ms) to mimic firing at 73 Hz ( Figure 6A,B) . The voltage during the ISI was set at -50 mV to approximate a typical average interspike voltage trajectory during a high conductance state (e.g., "up state") in vivo (Destexhe et al. 2003; Contreras, 2004) . A second protocol mimicked the interspike trajectory in response to DC current injection during a low conductance state (e.g., slice or "down state" in vivo) more closely by including an initial afterhyperpolarization-like ramp, followed by a ramp to threshold for the second APW (Figure 6C,D) . The main conclusions do not differ for data obtained from these two protocols: the -DTX-sensitive current Run-down of mechanisms regulating firing behavior is a concern during whole cell recordings. Accordingly, we performed these experiments using KClfilled sharp microelectrodes (n = 6 cells). These experiments reproduced the key findings of the effects of -DTX from whole cell recordings. There was no change in resting membrane potential or input resistance. Voltage threshold (-57 ± 9 mV in -DTX vs. -50 ± 10 mV control) and rheobase (330 ± 231 pA in -DTX vs. 446 ± 206 pA) were significantly decreased. Firing rate significantly increased in -DTX, with a gain increase of 21 ± 21% (Figure 7) .
The present studies confirmed that addition of current noise significantly increased firing rate and gain in layer II-III pyramidal cells (by 12 + 12%: Figure 7) . Gain changes by -DTX were measured by fitting the "shift and multiply" equation in the Methods, i.e., as a multiplication and a leftward shift along the current axis. Gain changes caused by noise were measured by fitting the "add and multiply" equation, i.e., they could be separated into a multiplicative effect and an additive shift along the firing rate axis. Note that the fit parameters do not give absolute gains, but only relative gain changes.
Thus, rather than using t tests to compare control and experimental groups to get p values, we used two-tailed Z tests to compare the relative gain changes to a null hypothesis (mean = 0, SD = observed SD). The effects of -DTX were not altered by the presence of noise (the effects of -DTX on gain were significant in the presence of noise: 25 + 29%). In the presence of -DTX the increased gain due to noise did not reach significance (11+14%, P<0.07). We conclude that, unlike in neurons of the auditory brainstem, the -DTXsensitive current did not alter the selectivity of pyramidal neurons for noisy (time-varying) vs. DC inputs.
DISCUSSION
Several studies have examined the effects of -DTX on APs and firing in various cell types (e.g., Bekkers and Delaney, 2001; Brew and Forsythe, 1995; Faber and Sah, 2004; Golding et al. 1999; Locke and Nerbonne, 1997; Mitterdorfer and Bean, 2002; Rothman and Manis, 2003c) . In layer V pyramidal cells, -DTX-sensitive currents contribute to AP voltage threshold and firing rate (Bekkers and Delaney, 2001) . We recorded from layer II/III pyramidal neurons from rat somatosensory and motor cortex to test for functional roles of -DTX-sensitive current (Kv1.1, Kv1.2, and Kv1.6-containing channels). Current-clamp recordings in the slice preparation were used to test effects of -DTX on APs and repetitive firing. We used APWs and dissociated cells to identify potential roles for -DTX-sensitive currents and to illustrate the contributions of -DTX-sensitive current at various times during and after the APW. A few current-clamp experiments were conducted in dissociated cells to confirm key findings from slices (Fig. 1) . Since Kv1 currents in MNTB neurons make the cells responsive to time varying stimuli while filtering out DC inputs 
Action potentials (APs). Our experiments with APWs as voltage stimuli
showed that the -DTX-sensitive current was a minor contributor to the initial outward current during the AP and at the peak of the APW the proportion was similar to that in response to long (200 ms) voltage steps (~10%). We found that the proportion of the whole current due to -DTX-sensitive current was much larger a few ms following the repolarization of the APW. Consistent with these findings, we found that -DTX had minimal effects on AP amplitude, half-width, or repolarization rates measured with whole cell or sharp microelectrode recordings in the slice preparation. In contrast, -DTX caused a significant broadening of the spike at threshold or more negative voltages, due to slowing of the final phases of repolarization.
Locke and Nerbonne (1997) showed that 4-AP-sensitive current in acutely repetitive firing. Our current-clamp experiments in the slice preparation revealed that addition of -DTX leads to increased firing rate at all stimulus intensities. This resulted in an increased gain of spike output vs. DC current input (increased f-I slope). We found that spike frequency adaptation (SFA) was unaltered by -DTX. Effects of -DTX on SFA were not explicitly tested in previous studies of neocortical pyramidal neurons. In contrast, in amygdaloid pyramidal neurons, the -DTX-sensitive current regulates firing rate by enhancing spike frequency adaptation (Faber and Sah, 2004 ).
-DTX-sensitive currents affect repetitive firing in many neuron types.
Bekkers and Delaney (2001) showed that -DTX resulted in increased firing in response to 1 s current injections in layer V pyramidal cells and Locke and Nerbonne (1997) showed that 4-AP-sensitive current contributed to regulation of firing rate in acutely dissociated neocortical pyramidal neurons. Neither study explicitly tested for changes in gain or SFA. In nodose ganglia, -DTX caused increased firing rate and a reduced AHP (Glazebrook et al. 2002) . For striatal medium spiny cells, models based upon biophysical data suggest that blockade of Kv1.2 channels regulates the "up-state" but would have minimal effects on firing rate (Shen et al. 2004 ). Little effect of -DTX was observed at firing rates of <20 Hz (Shen et al. 2004) . In Purkinje neurons, Kv1 channels maintain low frequencies of Na + and Ca 2+ spike output to optimize timing (McKay et al. 2005) . In subicular pyramidal neurons, the 4 AP-sensitive current regulates burst firing behavior (Staff et al. 2000) . The -DTX -sensitive current has also been proposed to set the threshold for Ca 2+ spikes in CA1 pyramidal cells (Golding et al. 1999 ).
The effect of -DTX-sensitive current is particularly dramatic in auditory neurons. In these MNTB and other auditory brainstem cells, the main role of DTX-sensitive current is to make these cells responsive to time varying inputs while filtering out DC inputs; i.e., they differentiate their synaptic inputs (Slee et al. 2005; Brew and Forsythe, 1995; Kopp-Scheinpflug et al. 2003) .
We found that -DTX increased firing rate in pyramidal neurons. This increase could be decomposed into a leftward shift along the current axis and a multiplicative effect. Addition of broadband noise also increased firing rate (as in auditory brainstem neurons, but quantitatively less) but did not occlude the effects of -DTX. These results suggest that the contribution of -DTXsensitive current to selectivity for time-varying input in pyramidal neurons is restricted to subthreshold mean input, during which the threshold elevation caused by this current will reduce firing to weakly fluctuating stimuli. The voltage protocol was as in Figure 5E . Vfirst = voltage at which current first detected. Peak I = peak current for this component (pA). APW = action potential waveform (series of ramps from -70 mV to +30 mV and return to -70 mV (3.6 ms base width). % at APW peak = the percent of the whole current due to this component at a time corresponding to the peak of the AP waveform used as voltage stimulus. Peak time = time (ms) after peak of APW (which occurred at 1.8 ms in protocol). % DTX peak = the percent of whole current due to this component at time corresponding to peak DTX-sensitive current. % DTX-insens peak = the percent of whole current due to this component at time corresponding to peak of the DTX-insensitive current. * = significant difference (p < 0.05). lower) in response to APW (from -70 mV to +30 mV, 1.8 ms base-to-peak and 1.8 ms peak-to-base). Again, the peak currents occurred during the repolarization phase. C. Summary box plots for time-to-peak current for the -DTX-sensitive (DTX) and remaining, -DTX-insensitive current (peak APW at 1.8 ms). The -DTX-sensitive current peaked later in time than the remaining current (protocol in B,E). D. The AP used to elicit currents in A, superimposed with a record of the percent of the whole current due to -DTX-sensitive current as a function of time (average of three cells tested). Note that the percentage that was -DTX-sensitive was greatest a few ms after repolarization of the AP. E. Voltage protocol used to elicit current in B. Gray trace indicates the proportion of the current that is -DTX-sensitive as a function of time. The dotted line indicates 0% of the whole current. The percentage of -DTXsensitive current was low during the AP and increased with time after repolarization of the APW. F. Summary box plot for the percent of the whole current contributed by the -DTX-sensitive current at the time for peak whole current (protocol in B,E). Response to same DC step with added noise. The cell now fired three APs. C.
f-I plots. D. Reponse of cell to 100 pA DC current in presence of -DTX. E.
Response to 100 pA current with noise in presence of -DTX. F. Summary data showing left-shifting and multiplicative (gain change) effects of -DTX for
